Invasive aspergillosis is a leading cause of infectious death in immunosuppressed patients. Here, we adapted a phage display library-based selection to screen and identify binding peptides to the surface of Aspergillus fumigatus conidia and hyphae. We identified a peptide (sequence CGGRLGPFC) that reliably binds to the surface of Aspergillus fumigatus hyphae. Binding was not Aspergillus strain specific, as it was also observed in hyphae of other Aspergillus clinical isolates. Furthermore, CGGRLGPFC-displaying phage targets Aspergillus fumigatus hyphae on formalin-fixed paraffin-embedded histopathology sections of lung tissue recovered from mice with invasive pulmonary aspergillosis. This approach may yield reagents such as peptidomimetics for novel diagnostic and therapeutic interventions in invasive aspergillosis.
Invasive aspergillosis, mainly caused by Aspergillus fumigatus, is the most common opportunistic mycosis in immunosuppressed patients with leukemia, bone marrow and solid-organ transplant recipients and a frequent cause of morbidity and mortality (17, 20) . As the pathogenesis of invasive aspergillosis involves inhalation of airborne conidia in susceptible hosts, pneumonia is the most common clinical manifestation (17, 20) . As in other filamentous molds, there are two developmental programs of growth of Aspergillus species: conidia and hyphae (4, 20) . Aspergillus conidia are continuously inhaled from the environment and, in normal hosts, most are efficiently phagocytosed by resident lung macrophages (4, 20) . Some conidia escape phagocytosis and germinate to hyphae, the invasive form of Aspergillus species. Hyphae are then destroyed by neutrophils in immunocompetent hosts (4, 20) .
The high mortality of invasive aspergillosis reflects the severe net state of immunosuppression of affected patients, delayed diagnosis, and the suboptimal in vivo efficacy of antifungal agents against Aspergillus species (17, 20) . Hence, the combination of early detection along with targeted delivery of antifungal agents to the site of infection early on, when the tissue fungal burden is relatively low, could be of critical importance in improving the outcome of invasive aspergillosis.
Biopanning and Rapid Analysis of Selective Interactive Ligands (BRASIL) is an approach for the screening and identification of cell-surface-binding peptides from phage display libraries (10) . Phage display technology has been used to identify vascular receptors in tumors and to characterize protein interacting sites in the context of mammalian cells (2, 13, 14, 27) . However, this methodology has not as yet been applied to the study of infections such as invasive aspergillosis. We hypothesized that the surfaces of conidia and hyphae of Aspergillus fumigatus may contain binding sites that can be accessible and targeted by binding peptides.
In the present study, we first identify peptide ligands that bind in vitro to the surface of conidia and hyphae of Aspergillus fumigatus. Then, we show that a cyclic peptide motif (sequence CGGRLGPFC) binds to hyphae of several clinical mold isolates in vitro and to Aspergillus fumigatus hyphal elements present in lung tissue recovered from a murine model of invasive pulmonary aspergillosis. These data suggest that a liganddirected system to targeting lesions in invasive aspergillosis can be developed by a combinatorial selection approach.
derived from a large-scale preparation of a phage random peptide library and was designed to display a constrained cyclic loop within the pIII capsid protein (28, 33) . The preparation was optimized to create the highest possible insert diversity; thus, the diversity of displayed peptides in the library was approximately 10 8 to 10 9 (1). All phage clones of the library are evaluated in vitro to rule out a selective growth advantage (rather than binding capability) that may explain the enrichment observed during the rounds of panning. This is obviously a routine control in all experiments with phage display screenings. As such, there is no growth advantage for any of the clones in this library.
Conidia suspended in PBS (10 9 conidia/ml) or hyphae (a 100-l aliquot from the concentrated hyphal PBS solution derived from centrifugation) were incubated with 10 9 transducing units (TU) of the phage library (10). The conidiumor hypha-phage coincubation was performed in the presence of PBS containing 1% bovine serum albumin on ice to prevent or minimize nonspecific internalization. Following a 16-h coincubation, the suspension was transferred to the top of a nonmiscible organic lower phase with an intermediate specific density and centrifuged (10) . In pilot experiments, we first determined the optimal phage separation conditions with a dibutyl phtalate:cyclohexane (Sigma Chemical Co., St. Louis, MO) ratio of 6:1. Also, hyphae required greater centrifugation forces (100,000 ϫ g versus 10,000 ϫ g for conidia) for longer times (20 min versus 10 min for conidia). Following centrifugation, conidia or hyphae entered the lower organic phase and pelleted at the bottom of the tube, carrying with them only specifically bound phage. The pellet was then transferred to another clean tube as previously described (10) .
Phage bound to conidia or hyphae were rescued by infection of log-phase Escherichia coli K91kan bacteria (10) . Briefly, following coincubation of Escherichia coli K91kan with conidium-or hypha-bound phage for 30 min, the infected bacteria were initially incubated in Luria-Bertani (LB) liquid medium containing kanamycin for selection of Escherichia coli K91kan bacteria, tetracycline (low concentration, 0.2 g/ml) for the genes responsible for tetracycline resistance in the host bacteria to be induced (phage contains the tetracycline resistance gene) (1, 29, 33) , and voriconazole (4 g/ml). Voriconazole, an antifungal agent with good in vitro and in vivo activity against Aspergillus species (26) , was used to suppress subsequent conidial and hyphal growth. Following that, bacteria were incubated overnight at 37°C in LB liquid medium containing kanamycin, tetracycline (high concentration; 40 g/ml, for the selection of the phage-infected Escherichia coli K91kan bacteria), and voriconazole. The next day, amplified phage was separated from Escherichia coli K91kan bacteria by polyethylene glycol-NaCl precipitation and used in subsequent selection rounds (titer, 10 9 TU) to enrich for the phage binding specifically to conidia or hyphae (10) . After four rounds of selection for AF293 conidia and five rounds of selection for AF293 hyphae, we sequenced the DNA corresponding to peptide inserts of randomly picked phage clones for AF293 conidia and hyphae. Peptide sequences were then analyzed according to enrichment and by Clustal W sequence alignment. Selected motifs were used to search nonredundant protein databanks (National Center for Biotechnology Information [NCBI] BLAST [http://www .ncbi.nlm.nih.gov/BLAST]).
To evaluate phage binding, we used the fd-tet insertless phage as a negative control (1, 10) . In parallel experiments, we coincubated conidia or hyphae with selected peptide-displaying or control phage and quantified phage bound to conidia or hyphae relative to fd-tet. We tested (in triplicate) various experimental conditions in independent experiments (i.e., phage inputs of 10 6 to 10 10 TU, dibutyl phtalate: cyclohexane ratios of 6:1 versus 9:1, and incubation periods of 4 h versus 16 h).
Murine model of invasive pulmonary aspergillosis. The binding of CGGRL GPFC-displaying phage (relative to fd-tet binding) on AF293 hyphae was assessed on formalin-fixed, paraffin-embedded histopathology sections of lung tissue from mice with invasive pulmonary aspergillosis. This specific peptidedisplaying phage was used because it was the one enriched in the screening and for which homology searches suggested that it corresponded to molecules of the extracellular matrix present in the lung parenchyma. Female Swiss Webster mice weighting 20 to 25 g each (Harlan Sprague-Dawley, Inc., Indianapolis, IN) were immunosuppressed with intraperitoneal cyclophosphamide (Sigma) (150 mg/kg of body weight; 200 to 250 l of a 15-mg/ml sterile saline solution) and infected intranasally with AF293 conidia (inoculum, 35 l of a 10 9 conidia/ml solution or ϳ35 ϫ 10 6 conidia per mouse) (21) . A hyperacute pneumonia ensues, and mice typically succumb to their infection within 4 days (21) . We euthanized the mice 4 days postinfection by CO 2 narcosis and cervical dislocation, removed their lungs, fixed the lungs with 10% formaldehyde, and embedded them in paraffin wax.
Phage overlay assays and immunohistochemistry studies. Lung tissue sections (each, 5 m) were deparaffinized in xylene and rehydrated in a graded alcohol series. Endogenous peroxidase was blocked by PBS containing 3% hydrogen peroxide for 10 min at room temperature (RT). For epitope retrieval, tissue sections were heated in target retrieval solution (DakoCytomation, Carpinteria, CA) in a standard steamer for 30 min and then allowed to cool to RT for 15 min. After equilibration with Tris-buffered saline containing 0.05% Tween 20, the slides were incubated with protein-blocking solution (DakoCytomation) for 15 min to block nonspecific protein binding sites (32) . Subsequently, 2 ϫ 10 9 TU of the CGGRLGPFC-displaying or control phage were added and incubated for 2 h at RT. An anti-phage antibody (Sigma) (10 g/ml; 200-l volume of a 1:500 dilution in antibody diluent; DakoCytomation), or rabbit immunoglobulin G (IgG, negative control; DakoCytomation) was then added to the slides and incubated overnight at 4°C. After three washes with Tris-buffered saline containing 0.05% Tween 20, the peroxidase-conjugated anti-rabbit secondary antibody was added for 20 min at RT. Detection of immunoreaction was then achieved by using the LSABϩ system (DakoCytomation) containing streptavidin-biotin-peroxidase complex for 20 min incubation at RT (32) . Color was developed with 3,3Ј-diaminobenzidine and hydrogen peroxide (DakoCytomation), and slides were subsequently counterstained with 100% hematoxylin, dehydrated, and mounted (32) . At least two different sections from each mouse with macroscopic hemorrhagic lesions consistent with invasive pulmonary aspergillosis were tested per experiment. Each experiment was repeated independently two times on different days by similar methods.
Immunofluorescence studies.
Steps until the addition of anti-phage antibody (or rabbit IgG negative control) were performed as described above for immunohistochemistry studies. After an overnight incubation at 4°C and three washes with PBS, the tissue sections were incubated with fluorescence-labeled secondary donkey anti-rabbit antibody (Molecular Probes, Eugene, OR) at a concentration of 1:200 for 1 h and then counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole; Molecular Probes) for 1 min (19) . Subsequently, tissue sections were washed with PBS and mounted with Vectorshield mounting medium (Vector Laboratories, Burlingame, CA) (19) . In control experiments, we tested for potential cross-reactivity of anti-phage or the secondary anti-rabbit antibody with Aspergillus hyphae. At least two different histopathology sections from each mouse with invasive pulmonary aspergillosis were tested per experiment. Each experiment was repeated two times independently on different days.
Statistical analysis. Differences in the number of bound phages recovered from various binding experiments were analyzed by using the Mann-Whitney two-tailed t test (GraphPad Prism 3 software program; GraphPad Software, Inc., San Diego, California). P values of Յ0.05 were considered statistically significant.
RESULTS

Selection of peptide motifs that bind to the surface of
Aspergillus fumigatus conidia and hyphae. Analysis of the peptides recovered from phage selection for Aspergillus conidia or hyphae according to enrichment and by Clustal W sequence alignment revealed that several amino acid residues were shared among multiple motifs (Table 1) . Searches for each of these peptides in NCBI BLAST revealed that some corresponded or matched to motifs contained in human proteins (Tables 2 and 3) .
Specifically, a peptide motif (sequence CWGHSRDEC) with high similarity to collagen VI was evaluated further as a potential ligand on the surface of Aspergillus fumigatus AF293 conidia. This most commonly recovered CWGHSRDEC motif showed enrichment during successive rounds of panning (i.e., from 9.7% in the third round of selection to 28.3% in the fourth round of selection) and was found to reside on the surface of the von Willebrand domain I of collagen VI (http://www.ncbi .nlm.nih.gov/structure/). The second-most-common conidiumassociated recovered CLLSATPSC motif also showed enrichment during successive rounds of panning (i.e., from 3.3% in the third round of selection to 21.7% in the fourth round of selection). In addition, other molecules of the extracellular matrix (e.g., proteoglycans) and immune system effector molecules (e.g., complement components) were also identified as potential ligands on the surface of AF293 conidia (Table 2) . More diversity inpeptide motifs was observed in the results for a Peptide sequences preferentially isolated from the surface of Aspergillus conidia and hyphae were aligned to obtain motifs shared between different peptides (Clustal W program; European Molecular Biology Laboratory). The software registers sequence identities and similarities among multiple peptide sequences and aligns the sequences by placing peptides with the most similarity or identity next to one another. Similarity between peptides at the level of amino acid sequence is presented by boldface type. (Table 3) . As shown here, phage selection for Aspergillus conidia and hyphae yielded peptides that mimic several human proteins known to be present in the lungs (6) . Validation of phage binding to conidia and hyphae of Aspergillus and other molds. We then characterized the binding of CWGHSRDEC-displaying and CGGRLGPFC-displaying phage, the phage clones most frequently recovered from AF293 conidia (Table 2 ) and hyphae (Table 3 ) and analyzed the degree of their binding to AF293 conidia and hyphae relative to control phage by the BRASIL method. Satisfyingly, we found that binding of the CWGHSRDEC-displaying and CGGRLGPFC-displaying phage recovered from AF293 conidia and hyphae was significantly higher than control in all experimental conditions tested (P Ͻ 0.01) (Fig. 1A and B) .
We next tested whether this binding would also be seen in other patient-derived mold isolates. Again, CWGHSRDECdisplaying phage recovered from conidia of different Aspergillus and Rhizopus isolates was significantly higher than that of a control (P Ͻ 0.01), with the exception of conidia of Aspergillus flavus A122, where no significant binding of the CWGHSRD EC-displaying phage was observed relative to control phage (Fig. 1C) . Similarly, the CGGRLGPFC-displaying phage recovered from hyphae of different Aspergillus and Rhizopus isolates was significantly higher than control (P Ͻ 0.001), with the exception of hyphae of Aspergillus flavus A117, where no significant binding of the CGGRLGPFC-displaying phage was observed relative to control phage (Fig. 1D) . The reason(s) for the lack of binding in either A117 or A122 isolates remain(s) an open question; future studies focusing on larger number of b A complete seven-amino-acid match gave a homology score of 34, and a complete six-amino-acid match gave a homology score of 30. The score matrix was based on modified BLOSUM62 to minimize the problem that some rare amino acids in the BLOSUM62/PAM30 matrix are heavily weighted, which tends to overpower the perfect matches of four-to five-amino-acid stenches. isolates of each Aspergillus species should address the possibility of Aspergillus species-specific differences in phage binding. These results show that the two most commonly recovered peptide-displaying phage from AF293 conidia and hyphae also bind to the surface of conidia and hyphae of a variety of other clinical mold isolates recovered from cancer patients, suggesting that this binding is not likely strain specific.
A selected binding peptide targets Aspergillus fumigatus hyphal elements on lung tissue recovered from mice with invasive pulmonary aspergillosis. Having characterized the in vitro binding of CGGRLGPFC-displaying phage to hyphae of various mold isolates, we then assessed whether this phage clone also binds to Aspergillus hyphae recovered from mice with invasive pulmonary aspergillosis. We focused on studying the binding of hypha-associated peptides to mouse lung tissue with invasive pulmonary aspergillosis because Aspergillus hyphae are the predominant fungal forms that are seen during invasive growth in tissues, although Aspergillus conidia and conidiophores can occasionally be seen (4, 20) . To that end, we performed immunohistochemistry and immunofluorescence studies of immunosuppressed mice infected with Aspergillus fumigatus. a For similarity searches, peptides recovered from panning were analyzed with BLAST (NCBI) searches for similarity to known human proteins in the NCBI database. Motif regions of 100% identity between peptides selected from panning and the candidate protein are shown. Conserved amino acid substitutions are indicated by plus signs. ECM, extracellular matrix.
b A complete seven-amino-acid match gave homology score of 34, a complete six-amino-acid match gave homology score of 30, and the score matrix was based on modified BLOSUM62 to minimize the problem that some rare amino acids in the BLOSUM62/PAM30 matrix are heavily weighted, which tends to overpower the perfect matches of four-to five-amino-acid stenches.
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on August 29, 2017 by guest http://iai.asm.org/ Consistently, CGGRLGPFC-displaying phage binding to Aspergillus hyphae was strong and present in all tested sections of lung tissue in the mice with invasive pulmonary aspergillosis ( Fig. 2C and F) . In contrast, control phage binding to AF293 hyphae was either absent or barely detectable relative to CGGR LGPFC-displaying phage binding in the lungs (Fig. 2B and E) . IgG did not immunoreact with Aspergillus hyphae that was previously coincubated with CGGRPGPFC-displaying phage ( Fig. 2A and D) .
By using immunofluorescence, CGGRLGPFC-displaying phage bound specifically to AF293 hyphae on lung tissue sections from mice with invasive pulmonary aspergillosis (Fig. 3) . The possibility that this hypha-specific signal was due to antiphage or anti-rabbit secondary antibody cross-reactivity with Aspergillus hyphae was excluded by the addition of anti-phage antibody without previously adding CGGRLGPFC-displaying phage and by the addition of anti-rabbit secondary antibody without previously adding anti-phage antibody, respectively. Thus, the results of immunostaining that demonstrate specific and reproducible binding to the mouse lung tissue with invasive pulmonary aspergillosis are consistent with our in vitro findings that CGGRRGPFC-displaying phage binds to the surface of Aspergillus hyphae.
DISCUSSION
In the present study, we used a combinatorial peptide approach for selecting cell surface motifs from phage display libraries for an infectious disease application. As a proof of concept, we used the BRASIL method to screen for enriched peptides on the surface of conidia and hyphae of the medically significant fungus Aspergillus fumigatus. To isolate shared and different motifs between both developmental programs of growth of Aspergillus fumigatus, we performed parallel screens of a phage display library with both conidia and hyphae. Fig. 1C) ] and no significant binding of the CGGRLGPFC-displaying phage was observed relative to control phage to hyphae of the Aspergillus flavus isolate AF117 [data are not shown in Fig. 1D] ).
We identified several peptide motifs after phage selection for Aspergillus conidia and hyphae that mimic human proteins of the extracellular matrix such as various collagen subtypes and proteoglycans. These proteins, which are quite abundant in the human airways and lung parenchyma (6), likely play a significant role in the initial attachment of Aspergillus conidia to airway and lung tissue molecules and in the subsequent invasion of Aspergillus hyphae into the lungs. Of interest is also the identification of hypha binding peptide motifs that mimic ligands associated with effector immune cells such as macrophage and T-lymphocyte receptors as potential ligands on the Aspergillus hyphal surface, since macrophages and T lymphocytes are critical components of the human immune response against invading Aspergillus (4, 20) . Nevertheless, the true identity of the proteins mimicked but those targeting peptides remains an open question that should be the focus of future studies.
The fact that we did not find sequences from the initial rounds of selection that were identical between Aspergillus conidia and hyphae is probably explained by the fact that we sequenced the DNA corresponding to peptide inserts of approximately 50 to 70 randomly picked phage clones for Aspergillus conidia and hyphae. Thus, if we had sequenced more phage clones, it is very likely that we would have found similar sequences from the selection of Aspergillus conidia and hyphae. This assumption is based on other experiments that demonstrated that representative conidium-associated displaying phage (e.g., CWGHSRDEC and CLLSATPSC) also bound (even though less avidly) to Aspergillus hyphae (data not shown). Similarly, representative hypha-associated displaying phage (e.g., CGGRLGPFC and CIIRAVSAC) also bound (although less avidly) to Aspergillus conidia (data not shown). We believe that this phenomenon may reflect common or ubiquitous binding sites on the surface of Aspergillus conidia and hyphae and is likely explained by their common origin, since Aspergillus hyphae germinate from conidia.
The BRASIL method has been widely utilized for the selection of specific ligands because of the intrinsic ability of this methodology to minimize background phage binding (10) . Moreover, the system is well suited for preclearing of the library before one selects peptides with the desired specificity. This is an important step, because it decreases the chances of isolating nonspecific binding phage, as these are more than likely to get precleared before the specific selection starts.
It is worth mentioning also that successful phage display screenings do not always result in substantial enrichment from round to round. This is a positive indication that is often utilized as a parameter for prioritizing peptide leads (10) . Furthermore, differences in transducing unit counts are a strong indication of specificity and they do not necessarily (or usually) reach log-scale differences to be considered highly selective. Moreover, the BRASIL technology often results in the detection of binding events that are quite robust, given the inherent stringency of the assay.
However, it is the extensive validation at the level of each individual phage that determines the level of certainty of how selective and specific a given ligand is and in recognizing a protein target. Validation at the individual phage level is required, and in our case, it stood the test under well-controlled experimental conditions. The alignment analysis of the peptides suggested that the binding sites in question might well be conformationally defined, since the exact linear amino acid primary sequence of any given peptides was not enriched during the screening. However, we did find residues of the peptides with homology scattered throughout the isolated sequences. Of note, this is a relatively common observation in phage display random peptide screenings (3, 9, 23, 34). Detection of early invasion by Aspergillus hyphae is the focus of early diagnostic and therapeutic strategies for invasive aspergillosis (17, 20) . Therefore, we examined whether the CGGRLG PFC-displaying phage clone, the most commonly recovered peptide-displaying phage from AF293 hyphae, also binds to the surface of hyphae of other patient-derived Aspergillus isolates in vitro. In fact, we found that the CGGRLGPFC-displaying phage bound to 8 (89%) of 9 Aspergillus isolates tested, suggesting that CGGRLGPFC binding is not strain specific. Also of interest is that CGGRLGPFC-displaying phage bound to hyphae of both Rhizopus isolates tested; Rhizopus is a rare, yet emerging, opportunistic mold that shares common pathogenic and clinical features with Aspergillus (18, 20) .
To extend this in vitro observation that CGGRPGPFC-displaying phage binds consistently to Aspergillus hyphae also in vivo, we sought to determine whether the CGGRLGPFC-displaying phage binds to Aspergillus hyphal elements on lung tissue sections from mice with invasive pulmonary aspergillosis. By using immunohistochemistry analysis, we found that CGG RLGPFC-displaying phage clone binds reproducibly to hyphae in contrast to control phage. Similarly, by using immunofluorescence we found a hypha-specific signal of the CGGRLG PFC-displaying phage in all histopathology sections tested from mice with invasive pulmonary aspergillosis.
Our findings have potential therapeutic implications. Early invasion by Aspergillus hyphae in the lung parenchyma is frequently missed by even the most sensitive available radiographic methods, such as high-resolution computed tomography of the lungs, which typically has a threshold of detection of lesions of Ն1 mm (12) . Thus, identification of hypha-specific peptides may lead to new immunolabeling radiographic approaches for detection of early invasion of Aspergillus hyphae in the lungs.
Finally, antifungal drug efficacy against Aspergillus species in vivo is suboptimal, and this is partially explained because Aspergillus is an angiotropic mold that invades blood vessels, resulting in tissue infarcts and low tissue perfusion (31) . By detecting Aspergillus lesions early before the formation of such grossly hypoperfused lesions and, ideally, by coupling an antifungal with hypha-specific peptides, it might be possible to enhance the activity of antifungal agents in vivo by increasing local and early delivery to the site of infection. Targeted delivery of cytotoxic drugs (2), proapoptotic peptides (8, 16) , cytokines (5), metalloprotease inhibitors (15) , genes (11, 25) , or liposomes (30) to tumor vasculature receptors has resulted in marked therapeutic efficacy in tumor-bearing mice and is the subject of current research. Our study adds invasive aspergillosis as an example of a prototypic infectious disease that can be approached in a similar way.
We believe that a peptidomimetic approach based on peptides holds more promise as a delivery tool than antibodies for several reasons. As opposed to antibodies, which can be difficult and expensive to produce on a large scale, small molecules such as peptidomimetics offer great stability (24) . Moreover, they are suitable for the simple design of targeted compounds by Merrifield synthesis, without the need for chemical conjugation (24) . Also, although peptides often show lower-affinity binding constants than antibodies, their tissue penetration profile may compensate for it (24) . Finally, one must be careful when extrapolating data derived from comparing antibodies to ligand peptide-based binding, particularly in the context of antibody versus peptide phage display selection. It may be true that inhibitory peptides isolated by phage display are unlikely to serve as agents per se but (i) they may form the basis for rational peptidomimetic development and (ii) they may serve as tools for finding targets against which a good antibody may also be a suitable choice for translational applications.
Direct comparison of peptides and antibodies targeting vascular receptors has been performed for both CD13-targeting ligands (28) and aminopeptidase A-targeting ligands (22) . In both instances, peptides or antibodies were able to home to tumors by binding to these vascular addresses and to functionally block proangiogenic activity of these proteins in the context of tumor vasculature. It is possible that lower-affinity ligands might preferentially accumulate at sites in which the target is highly expressed. As opposed to higher-affinity ligands, such as antibodies, peptides bind to target receptors in a manner that is directly dependent on receptor expression levels. However, these two approaches are nonmutually exclusive and may actually be complementary: as discussed above, peptides may be useful for identifying targets for antibody-based therapy and also for rationally developing peptidomimetic drugs. Hence, future work should compare and contrast different classes of Aspergillus ligands. Finally, selection of an antibody phage display library (rather than a peptide library) by using the BRASIL method may be possible in future studies. If so, selection of targeting antibodies may be feasible.
In conclusion, we show that a peptide-displaying phage binds to the invasive hyphal form of Aspergillus fumigatus both in vitro and to lung tissue recovered from mice with invasive pulmonary aspergillosis. Ligand-directed targeting of this opportunistic mycosis may lead to new imaging and therapeutic interventions in invasive aspergillosis. Finally, these results may become useful in studying host immune responses against Aspergillus by focusing on fundamental differences in ligand binding sites between effector immune cells of the innate immunity (e.g., resting lung macrophages) and those of the adaptive immunity (e.g., lymphocytes).
